The single crystal conductivity of (N,N'-dimethyl-4,4'-bipyridinium) 2+ (7, 7, 8, 8 -tetracyanop-quinodimethanide)|~, DMBP-TCNQ 3 , exhibits an anomaly at 170 K which may be attributed to a phase transition and, also, a change in activation energy at 135 K which may be attributed to the onset of extrinsic behaviour. Above 135 K the conductivity varies as a = a 0 exp(-EJkT) where CT 3 OOK. = 1 S cm -1 and £' a = 0.18eV. In the high temperature region the thermoelectric e.m.f. saturates to a temperature independent value of S = -20|iVK _1 whereas for the related monoquaternised salt, [N-phenyl-4-(4'-pyridyl)-pyridinium] + (TCNQ) 2 , 0BP-TCNQ 2 , S = -55 |iVK"'. The thermoelectric data may be interpreted in terms of the Chaikin and Beni model and the results indicate 92% charge transfer in DMBP-TCNQ 3 and 100% charge transfer in 0BP-TCNQ 2 .
Introduction
The N,N'-dimethyl-4,4'-bipyridinium dication and its alkyl and aryl substituted congeners find use as redox indicators [1] , as herbicides [2] and, also, as the active components of photochromic and electrochromic cells [3] [4] [5] . In solution the viologens are readily reduced to their highly coloured radical cations with polarographic reduction potentials of -0.11 to -0.69 V versus SCE (the saturated calomel electrode) [6] , In the solid state charge transfer occurs between oppositely charged ions. Evidence is provided by the fact that DMBP dichloride is colourless whereas the dibromide and diiodide are yellow and red respectively [7, 8] . The colour progression is in accordance with the decrease in electron affinity [9] from chlorine (3.61 eV) to bromine (3.36 eV) to iodine (3.06 eV). The dichloride shows no new absorption bands whereas the dibromide and diiodide show charge transfer bands at 395 and 450 nm respectively [10] . It is partly because of this observed back charge transfer and partly because the electron affinity of TCNQ (2.84 eV [11] ) is slightly lower than that of iodine that the TCNQ salts of the N,N'-dimethyl-4,4'-bipyridinium cation were chosen for investigation. The lower electron affinity favours incomplete charge transfer and the effect on the solid state conduction process is of interest. If back charge transfer were substantial we would expect the conductivity of the simple ionic 1:2 salt to be enhanced [12] , The conductivity at 300 K is in fact five orders of magnitude lower than that of the 1:3 complex salt, which suggests that there is only limited charge transfer interaction between the TCNQ anions and the DMBP dication. Thermoelectric studies carried out on the 1:3 salt show approximately 8% back charge transfer.
Experimental

Synthesis of TCNQ Salts
iodide (DMBP-I 2 ) was prepared by the method of Dunn et al. [13] and purified by recrystallisation from aqueous ethanol. N-phenyl-4-(4'-pyridyl)-pyridinium chloride (0BP-C1) was kindly provided by Mr. J. G. Allen of ICI Runcorn and used without further purification. 
Results and Discussion
Electrical Conductivity
The electrical properties of DMBP-TCNQ3 are anomalous. Along the stacking direction it has a moderate conductivity of 1 S cm -1 at 300 K, a value more frequently associated with the quasi-onedimensional salts TEA-TCNQ 2 [14] and DBzPE-TCNQ 5 [15] (cf. 3.16 A in DMBP-TCNQ 3 ) whereas between non-overlapping triads all contacts are greater than the sum of the van der Waals radii. The conductivity at 300 K of the quinolinium salt is a factor of 5000 smaller and this is attributed to a weaker interaction between the stoichiometric TCNQ groups. Full details of the crystal structure of DMBP-TCNQ 3 have been published separately [17] ,
The conductivity temperature dependence of DMBP-TCNQ3 is shown in Figure 1 . Above 135 K the conductivity varies as o = o 0 exp (-E a /kT), where <7 30 0k = 1 S cm -1 and F a = 0.18eV, whereas below 135 K the activation energy is 0.13eV. The transition may be attributed to the onset of extrinsic behaviour as below this temperature the thermoelectric e.m.f. changes from n-type to p-type. An interesting feature of Fig. 1 is the small but abrupt decreases in conductivity at 170K. The transition, reproducible for five crystals investigated, may be attributed to a phase change. Tentative evidence of the phase transition has been obtained from a DSC trace which shows an endotherm upon heating at 170 K, but anomalously not all samples investigated by differential scanning calorimetry showed this transition.
The microwave Hall mobility of DMBP-TCNQ3, investigated at room temperature by Eley and Lockhart on one of our samples, was found to be below the detectable limit of 0.3 cm 2 V -1 s _1 whereas the mobility of the 1:4 salt. DMBP-TCNQ4, is 2.3 cm 2 V -1 s" 1 [18] . The properties of the 1:4 salt are adequately described by band theory, and the microwave Hall mobility is in reasonable agreement with the value obtained by combining the conductivity and thermoelectric data [19] . The low mobility of DMBP-TCNQ 3 does not correspond to a meaningful mean free path, and band theory is not applicable. The mean free path (/.) may be calculated from the expression Table 1 .
Thermoelectric Properties
The thermoelectric data of DMBP-TCNQ 3 are shown in Figure 2 . They also reflect the two transitions and-, in Table 2 , the properties are summarised for the three temperature ranges. These are separated by the extrinsic transition at 135 K and the phase transition at 170 K. In the low-temperature region the thermoelectric e.m.f. changes from p-type to n-type and reaches a minimum with dS/dFcO below 135 K and d5/dF>0 above. In the intermediate period the thermoelectric e.m.f. at first rises steeply and then saturates to a temperature independent value of -20pVK -1 in the high temperature region. The phase transition is less obvious than the extrinsic transition although DSC studies have provided evidence of the change. There is only a gradual change to the temperature independent thermoelectric e.m.f.
The thermoelectric properties of the conductive TCNQ salts, including those with a small activation energy, frequently give a good fit to the Chaikin and Beni model [21] : For a system of carriers with a strong on-site Coulomb repulsion the thermoelectric e.m.f., associated with the spin degrees of freedom, may be represented by the expression
where q is the mean charge on the TCNQ lattice sites. The equation predicts a temperature indepen- * From the empirical relation xT = C 0 exp (-J/kT). dent thermopower and with q = | e, commensurate with the formula, the theoretical themoelectric e.m.f. of the 1:3 salt is 5" = 0. This is inconsistent with the experimental data for DMBP-TCNQ3, which show a temperatrure independent value of -20pVK -1 in the high temperature region. The data may still be interpreted by the Chaikin and Beni model in which case the discrepancy may be attributed to slight back charge transfer from TCNQ" to the dication. Macfarlane and Williams [10] have provided evidence of charge transfer interaction between oppositely charged ions in the DMBP halometallate salts, and Mahmoud and Wallwork [22] have shown that DMBP diiodide forms a ternary charge transfer salt with quinol in which the dication and quinol alternate in columns. In fact DMBP is a relatively strong acceptor and in aqueous solution its polarographic half-wave reduction potential is -0.69 V versus SCE [6] . This supports our claim, and makes the interpretation of the thermoelectric data acceptable. Thus, if the Chaikin and Beni model is in deed applicable and if charge transfer is a valid explanation, the mean charge density on the TCNQ lattice sites may be calculated by substituting 5' = -20pVK -1 into (2).
This gives q= 0.61C, which corresponds to 92% charge transfer from the cation to the TCNQ moieties.
The thermoelectric properties of the monoquaternised salt, 0BP-TCNQ 2 , may also be interpreted by the Chaikin and Beni model. The thermoelectric e.m.f., shown in Fig. 3 , is independent of temperature throughout the temperature range investigated and has a mean value of-55±5pVK _l .
In the absence of back charge transfer the theoretical value, obtained by substituting a = 0.5 e into (2), is -59.8 pVK~'. Thus, there is excellent agreement between the experimental and theoretical data and this is consistent with the fact that the monoquaternised cation is less readily reduced than DMBP. In this case charge transfer is complete whereas in DMBP-TCNQ 3 there is approximately 8% back charge transfer from the TCNQ moieties to the dication.
